Geological storage of CO 2 that has been captured at large, point source emitters represents a key potential method for reduction of anthropogenic greenhouse gas emissions. However, this technology will only be viable if it can be guaranteed that injected CO 2 will remain trapped in the subsurface for thousands of years or more. A significant issue for storage security is the geomechanical response of the reservoir. Concerns have been raised that geomechanical deformation induced by CO 2 injection will create or reactivate fracture networks in the sealing caprocks, providing a pathway for CO 2 leakage. In this paper, we examine three large-scale sites where CO 2 is injected at rates of ∼1 megatonne/y or more: Sleipner, Weyburn, and In Salah. We compare and contrast the observed geomechanical behavior of each site, with particular focus on the risks to storage security posed by geomechanical deformation. At Sleipner, the large, high-permeability storage aquifer has experienced little pore pressure increase over 15 y of injection, implying little possibility of geomechanical deformation. At Weyburn, 45 y of oil production has depleted pore pressures before increases associated with CO 2 injection. The long history of the field has led to complicated, sometimes nonintuitive geomechanical deformation. At In Salah, injection into the water leg of a gas reservoir has increased pore pressures, leading to uplift and substantial microseismic activity. The differences in the geomechanical responses of these sites emphasize the need for systematic geomechanical appraisal before injection in any potential storage site.
Geological storage of CO 2 that has been captured at large, point source emitters represents a key potential method for reduction of anthropogenic greenhouse gas emissions. However, this technology will only be viable if it can be guaranteed that injected CO 2 will remain trapped in the subsurface for thousands of years or more. A significant issue for storage security is the geomechanical response of the reservoir. Concerns have been raised that geomechanical deformation induced by CO 2 injection will create or reactivate fracture networks in the sealing caprocks, providing a pathway for CO 2 leakage. In this paper, we examine three large-scale sites where CO 2 is injected at rates of ∼1 megatonne/y or more: Sleipner, Weyburn, and In Salah. We compare and contrast the observed geomechanical behavior of each site, with particular focus on the risks to storage security posed by geomechanical deformation. At Sleipner, the large, high-permeability storage aquifer has experienced little pore pressure increase over 15 y of injection, implying little possibility of geomechanical deformation. At Weyburn, 45 y of oil production has depleted pore pressures before increases associated with CO 2 injection. The long history of the field has led to complicated, sometimes nonintuitive geomechanical deformation. At In Salah, injection into the water leg of a gas reservoir has increased pore pressures, leading to uplift and substantial microseismic activity. The differences in the geomechanical responses of these sites emphasize the need for systematic geomechanical appraisal before injection in any potential storage site.
carbon sequestration | geomechanics | InSAR | microseismic monitoring C arbon capture and storage (CCS)-where CO 2 is captured at large point source emitters (such as coal-fired power stations) and stored in suitable geological repositories-has been touted as a technology with the potential to achieve dramatic reductions in anthropogenic greenhouse gas emissions (1, 2) . However, its success is dependent on the ability of reservoirs to retain CO 2 over long timescales (a minimum of several thousand years). If CCS is to make a significant impact on global emissions, more than 3.5 billion tons of CO 2 per year must be stored (3) , which at reservoir conditions will have a volume of ∼30 billion barrels (4) .
Secure storage of such large volumes of CO 2 requires more than just the availability of the appropriate volumes of pore space. CO 2 is buoyant in comparison with the saline brines that fill the majority of putative storage sites. Therefore, injected CO 2 will rise through porous rocks and return to the surface, unless trapped by impermeable sealing layers (such as shales and evaporites). Preliminary estimates have tended to indicate that, from a volumetric perspective at least, sufficient storage capacity exists for many decades of CO 2 emissions in deep-lying saline aquifers that have suitable sealing capability (5) .
It is equally important that the integrity of the seal is not compromised by injection activities during the life of the storage site. Injection activities can compromise seal integrity in a number of ways: the wellbores themselves may provide a leakage pathway if the cement is compromised by either mechanical or chemical effects (6) ; chemical reactions between CO 2 -saturated brines and the minerals of the caprock might increase caprock permeability, reducing its ability to retain CO 2 (7) ; and geomechanical deformation induced by pore pressure increases can create or reactivate fracture networks in the caprock that provide a leakage pathway. It is on the geomechanical risks to storage security that this paper is focused.
We note that the highest profile and strongest criticism of CCS derives from considerations of the geomechanical response to CO 2 injection: Zoback and Gorelick (4) directly identify the risks posed to secure storage by geomechanical deformation; similarly, although ostensibly a paper modeling reservoir pore pressure increases during injection, the limiting factor identified by Economides and Ehlig-Economides (8) is that there will be an upper pressure that cannot be exceeded without risking the integrity of the seal by generating fractures.
In this paper, we examine three commercial-scale sites where CO 2 is stored at rates approaching or greater than 1 megatonne (Mt) of CO 2 per y: the Sleipner Field in the Norwegian North Sea (9); the Weyburn Field, Central Canada (10); and the In Salah Field, Algeria (11) . These represent three of the most significant commercial-scale CCS projects, although further demonstration projects are likely to commence in the coming decade (12) . The amount of geomechanical deformation produced by CO 2 injection is likely to be a function of the volume of CO 2 injected: therefore, it is highly instructive to consider the
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The economic and political viability of carbon capture and sequestration (CCS) is dependent on the secure storage of CO 2 in subsurface geologic reservoirs. A key leakage risk is that posed by geomechanical deformation generating fractures in otherwise sealing caprocks. This study examines this risk, comparing and contrasting deformation induced at three large-scale CCS sites-Sleipner (Norwegian North Sea), Weyburn (Canada), and In Salah (Algeria). These sites show very different geomechanical responses, highlighting the importance of systematic geomechanical appraisal prior to injection, and comprehensive, multifaceted monitoring during injection at any future large-scale CCS operations. geomechanical deformation experienced at these large "megatonne" storage sites, as these will inform us of the potential geomechanical issues that will be experienced as commercial-scale, megatonne injection sites are developed in the coming decades.
Geomechanical Response to CO 2 Injection
The effective stress, σ′ ij , acting on porous rocks is defined by Terzaghi (13) as follows:
where σ ij is the stress applied by regional tectonic stresses and the overburden weight, β W is the Biot-Willis coefficient, δ ij is the Kroenecker δ, and P is the pore pressure. Therefore, any increase in pore pressure induced by injection will reduce the effective stress, which will in turn lead to inflation of the reservoir. The magnitude of this inflation will be controlled by the magnitude of the pore pressure increase, and the geometry and material properties of the reservoir (14) . As well as directly changing the effective stress acting on reservoir rocks via Eq. 1, inflation of the reservoir will lead to changes in the applied stress both in and around the reservoir. Small amounts of deformation are common in many settings, and will not pose a risk to storage security. However, if deformation becomes more substantial, it can affect storage operations in a number of ways, illustrated schematically in Fig. 1 . The principal risks posed by geomechanical deformation to secure storage are summarized below.
Reservoir Inflation and Alteration of Flow Properties. Pore pressure increase and inflation can influence the flow properties of a storage reservoir. Laboratory experiments show that permeability is sensitive to pressure (15) . Furthermore, pore pressure increases may open existing fracture networks in the reservoir, or create new ones, along which CO 2 can flow more rapidly. Permeability increases within the reservoir will not pose a direct leakage risk. Nevertheless, if permeability is increased during injection, this will reduce the accuracy of fluid flow simulations used to predict the resulting CO 2 distribution. The result may be that CO 2 reaches spill-points or breaks through at other wells faster than anticipated, reducing the amount of CO 2 that can be stored. For example, Bissell et al. (16) have shown that injectivity at In Salah is pressure dependent, implying that CO 2 flow is controlled at least in part by the opening and closing of fractures in the reservoir.
Fracturing of Sealing Caprocks. Deformation in a reservoir is generally transferred into the surrounding rocks. This can lead to the creation or reactivation of fracture networks around and above a reservoir. Fractures running through an otherwise impermeable caprock could compromise the storage integrity, providing permeable pathways for CO 2 to escape from the reservoir. This is probably the greatest risk to storage security posed by geomechanical deformation. Leakage of gas through fractured caprock has been observed above hydrocarbon reservoirs (17, 18) and at natural gas storage sites (19) .
Triggering of Seismicity. Beginning with the earthquakes triggered by waste fluid injection at the Rocky Mountain Arsenal (20) , it has been recognized that subsurface fluid injection is capable of triggering felt (of sufficient magnitude to be felt by nearby populations, so typically M L > 2) seismic events on preexisting tectonic faults (21) . Recently, examples of tectonic activity triggered by disposal of waste water from hydraulic fracturing have been noted. Of course, it should be kept in mind that, of thousands of fluid injection wells, only a handful have experienced such seismic events (22) . Even if felt seismicity is induced during CO 2 injection, it is unlikely that events would be of sufficient magnitude to damage property or endanger life. Nevertheless, regular triggering of felt seismic events would represent a significant "own-goal" from a public relations and political perspective, and local opposition has already proved to be a significant obstacle to planned CCS projects (23) . More significantly, triggering of larger seismic events will indicate that the failure condition on small faults has been met due to anthropogenic pressure changes, with implications for caprock integrity issues as discussed above.
Wellbore Failure and Casing Damage. Geomechanical deformation in producing reservoirs has been observed to cause failure of wellbore casing (24) . It is conceivable that either bedding-parallel slip in layers above the reservoir, or expansion of the reservoir against the overburden, could cause shearing of the wellbore. As well as the associated costs, damaged well casing in the overburden presents a significant leakage risk. Although the authors are not presently aware of any incidence of geomechanically induced wellbore failure during CO 2 injection, the risk to storage integrity posed by mechanical effects in the wellbore is an issue that must be considered at future storage sites. Fig. 1 also illustrates the variety of methods that can be used to monitor geomechanical deformation in the field. Although the importance of geomechanical deformation in oil production is becoming increasingly appreciated, monitoring it in the field remains something of a niche activity. Nevertheless, a number of technologies are available to characterize injection-induced deformation.
Monitoring Geomechanical Deformation
Geodetic Methods. Is has been observed that deformation in a reservoir can be transferred all of the way to the surface, resulting in uplift or subsidence (25) . Geodetic techniques can be used to measure this displacement. In particular, satellitebased Interferometric Synthetic Aperture Radar (InSAR) has been particularly successful in imaging surface displacement in a range of volcanic and tectonic settings (26) . InSAR is most effective in bare, rocky settings. In more challenging environments, particularly heavily vegetated or farmed areas, purposebuilt reflectors may need to be installed to provide measurement points. An alternative to satellite-based methods (which will be particularly necessary for subsea storage sites) is to install tiltmeters to measure tilting induced by uplift (27) . Tiltmeters are typically installed at the surface. However, borehole tiltmeters are also available that can measure deformation at depth (28) . Similarly, differential global positioning system measurements can be used to measure the displacement of the ground surface.
Geodetic measurements typically provide a map of displacement of the surface. Numerical modeling techniques must then be applied, using surface displacement as a boundary condition, to invert for processes occurring at depth (29) . Often, inversions of this type are nonunique, as a variety of models are capable of accounting for the observed uplift, meaning that such measurements may provide only a broad indication of the deformation processes acting in and around the target reservoir. Similarly, deformation at depth need not produce surface displacement, meaning that a lack of surface displacement alone cannot be taken as a guarantee that deformation of some kind is not occurring at reservoir depths.
Seismic Reflection Surveys. Time-lapse seismic reflection surveys are typically used to image changes in fluid saturation in the reservoir: substitution of CO 2 for the initial brine or oil usually creates a significant reflection contrast at the top of the reservoir, and a time delay for waves traveling through the reservoir (9). Moreover, it has long been known that seismic velocities are also stress sensitive (30) . Therefore, accurate time-lapse surveys can also be used to image changes in seismic velocity induced by geomechanical deformation (31, 32) . Extension or compaction of the overburden can be imaged by travel time shifts through these areas. Additionally, changes in seismic anisotropy, measured via azimuthal variations in seismic attributes, can be particularly revealing in terms of rotations of stress tensors during deformation (33, 34) .
Microseismic Monitoring. The use of microseismic monitoring to image hydrocarbon reservoirs has seen significant expansion in the past decade, fueled mainly by the need to monitor hydraulic fracturing of tight and shale gas reservoirs (35) . However, it has also been used to monitor deforming reservoirs (36) (37) (38) . Although analogous to earthquakes, seismic events triggered during reservoir deformation are usually far smaller (typically M W is −3-0), so they are commonly known as "microearthquakes" or "microseismic events." The seismic waves emitted by these events can be detected using geophones placed in boreholes near the reservoir (39), or on a dense array of geophones at the surface (40) , and the events located using techniques drawn from global seismology. Given that they are caused by injection-induced stress changes, microseismic events represent a tangible manifestation of geomechanical deformation. Furthermore, the seismic waves from microseismic events occurring near the reservoir and recorded on downhole geophones will have traveled only through rocks that are of direct interest to CO 2 storage security. Therefore, wave propagation effects, in particular seismic anisotropy as measured by shear-wave splitting, can also provide useful information about geomechanical deformation around the reservoir (41, 42) . Microseismic monitoring is currently benefitting from extensive investment as a tool for monitoring hydraulic fracture stimulation in shale gas reservoirs: the advances made in this field can be readily applied to monitoring injection at CCS sites (43) .
Sleipner
Since 1996, CO 2 has been stripped from natural gas produced from the Sleipner Field and reinjected into the overlying Utsira Sand saline aquifer at a rate of ∼1 Mt/year. By late 2011, around 13 Mt had been injected. The Utsira Sand is a very large saline aquifer, with very few barriers to flow: it has an average porosity of 35-40%, permeabilities in the range 1-3 darcys (d); and there is little evidence of any faulting that might serve to compartmentalize the reservoir. There are thin horizontal bands of mudstone within the Utsira that do act as baffles, but these are not laterally continuous. The total pore volume of the Utsira Sand has been estimated at 6 × 10 11 m 3 (44) , whereas at in situ conditions, the total amount of CO 2 injected by 2011 has a volume of 18 × 10 6 m 3 , meaning that the percentage of the total Utsira pore space filled by CO 2 is ∼0.003% (45) . The combination of excellent flow properties, and a very large storage volume, means that pressure changes during CO 2 injection into the Utsira Sand are expected to be negligible.
Chadwick et al. (45) assessed the pressure performance of the Utsira Sand using both wellhead pressure data and time-lapse reflection seismic data. pressures have been quite uniform, showing a slight increase during the injection period from 6.2 to 6.4 MPa. This is consistent with only small changes in the reservoir pressure, but because of two-phase (liquid/vapor) behavior of CO 2 in the wellbore (which renders CO 2 density very sensitive to pressure change), reservoir pressure cannot be directly correlated with wellhead pressure. Chadwick et al. (45) went on to use time-lapse seismic data to estimate pressure increase in the reservoir, on the principle that an increase in pressure reduces seismic velocities and creates a travel time increase through the reservoir. This analysis was performed away from the observed CO 2 plume, where a significant velocity slowdown is caused by substitution of brine for CO 2 . Fig. 2A shows a map of measured travel time shifts measured outside of the CO 2 plume footprint, and Fig. 2B shows a histogram of the same measurements.
The observed scatter in time shifts (Fig. 2B ) is caused by nonperfect survey repeatability, necessitating a statistical analysis that compares observed travel time distributions with those estimated from simulated pressure increases. This shows that the observed distribution of travel time shifts is consistent with a pore pressure change of significantly less than 0.1 MPa (45). The inversion of velocities for pressure change used a published empirical pressure-velocity relationship for sandstone based on laboratory measurements and supported by a wide range of independent laboratory studies. Nevertheless, there is some evidence that, at the field-scale, velocity sensitivities might be lower than laboratory determinations by a factor of up to 3, depending on lithology (46). Chadwick et al. acknowledged this, but even when they applied the "reduced sensitivity factor" to their calculations they were still able to constrain the maximum pressure increase to only 0.17 MPa.
No direct measurements of geomechanical deformation, either geodetic or microseismic, have been carried out at Sleipner, but with the estimated small pore pressure change, it is unlikely that significant geomechanical deformation will have occurred. However, the question remains-can we find thousands of Sleipners to accommodate the world's CO 2 emissions? If we cannot, we may be forced to use reservoirs where injection does lead to pore pressure increase, and therefore to geomechanical deformation. Therefore, we go on to consider the next megatonne storage site, the Weyburn oilfield.
Weyburn
The Weyburn oilfield, Saskatchewan Province, Canada, is a mature oilfield that has been under production for more than 50 y. Discovered in 1955, production was initially unsupported until 1965, when water injection was initiated for pressure support. In the 1990s, horizontal infill wells were drilled, targeting in particular the lower permeability layers in the reservoir. In 2000, CO 2 injection was initiated. The commercial purpose of CO 2 injection was for enhanced oil recovery. However, a significant research component was added with the expectation of permanently storing over 30 Mt of CO 2 by the end of field operation. Fig. 3B shows a history-matched model of average pore pressures across the phase IB area of the field (this is the region where microseismic monitoring has been conducted). Initially conditions were hydrostatic, with pore pressures at 15 MPa. Between 1955 and 1965, unsupported production reduced pore pressures to 6-7 MPa. From 1965, water injection returned pressures to initial conditions, where they remained relatively stable. From 2000, CO 2 injection has increased pore pressures to 20 MPa. As Weyburn is an enhanced oil recovery field, injection and production is occurring simultaneously, creating pore pressure variations across the field, which are mapped in Fig. 3A .
The principal method chosen to monitor geomechanical deformation at Weyburn was to use a microseismic array. A single downhole array of eight three-component geophones was installed in 2003 (47) . The monitoring array covers only a small portion of the field: its purpose was to investigate the feasibility of using microseismic monitoring for CCS, rather than to provide comprehensive coverage. Multiple arrays, or a larger array of surface seismometers would be required to cover the whole field. CO 2 injection in a vertical well 50 m from the monitoring well began 6 mo after array installation. Several horizontal production wells are sited to the northwest (NW) and southeast (SE) of the injection point. Fig. 4 shows the rates of water and CO 2 injection through the vertical injection well, and the resulting rates of microseismicity. A small number of events were recorded before injection-this can be considered to be the background rate of microseismicity. Several events occurred during the initial stages of injection, and the seismicity rate increased when the injection rate was in- well was shut in. During the month after shut-in, a further 92 events were recorded. Event hypocenter locations are plotted in Fig. 5 . The loci of microseismicity during CO 2 injection (green, blue, and yellow dots) are centered on the production wells to the NW and SE of the injection well. Although the events occurred around the reservoir interval, a significant number appear to be located in the overburden slightly above the reservoir (Fig. 5B) . The event hypocenters are perhaps surprising, given that conventional injection-induced seismicity theory suggests that seismicity should be induced at the injection points, where elevated pore pressures lead to reduced effective normal stresses. The events above the reservoir may also be of concern if they indicate fracturing and hydraulic communication into the overburden.
Conversely, the events that occurred after shut-in of the injection well were found to cluster around the injection point (red dots). Again, this pattern of seismicity is not intuitive, where it might be expected that the pressure decrease after shut-in of the injection well would reduce the likelihood of seismicity in this area.
The complex pressure history of the reservoir must be taken into account when interpreting these apparently counterintuitive patterns of microseismicity. Verdon et al. (48) constructed a numerical simulation of the deformation at Weyburn, accounting for initial depletion followed by reinjection, and production through horizontal wells. They assessed the likelihood of microseismicity by considering the development of both shear and normal stresses via a fracture potential term (49) , finding that, although normal stresses are reduced at the injection point, so are the shear stresses. This means that the potential for seismicity is not increased by injection. Indeed, the shear stress reduction slightly exceeded the effect of normal stress reduction, causing a slight decrease in the seismicity potential. Conversely, at the production wells, although normal stresses do increase, the shear stresses increase dominated, creating a significant increase in seismicity potential at the producing wells. Notably, Verdon et al. (48) found that stress changes induced by deformation of the reservoir are transferred into the overburden, leading to an increase in shear stress above the production wells. It is likely that it is this stress transfer into the overburden that accounts for the events located in the overburden above the producing wells. These events are unlikely to have been caused by a hydraulic connection into the overburden-if this were the case, then seismicity would be most likely to occur above the injection well, where pressures are highest and most of the buoyant CO 2 is situated.
All of the recorded microseismicity is located within 200 m of the top of the reservoir, implying that the induced deformation has not created pathways for fluid flow beyond the containment complex. The deformation that has been induced in the overburden is caused by stress transfer rather than a hydraulic connection. This implies that the current deformation does not pose a direct risk to storage security (although continued monitoring is recommended). This is in line with other geophysical and geochemical observations that indicate that the sealing units at Weyburn are performing satisfactorily (50, 51) . However, the fact that flexural stress changes are able to trigger microseismic events in the overburden implies that small discontinuities are present that are close to failure criteria. Had larger faults been present in these areas, they too may have been close to failure, presenting an increased risk of both inducing felt seismic events and to caprock integrity. This serves to emphasize the importance of geophysical fault identification and characterization before CO 2 injection.
In Salah
At In Salah, CO 2 present in the natural gas produced from several fields is stripped and injected into the water leg of the Krechba gas reservoir. Along with gas production from the reservoir, CO 2 meability provided by the dominant fracture set (which strikes NW-SE) to improve injectivity. Although CO 2 is injected into the water leg of a producing gas reservoir, there is little apparent pressure communication between the producing and injecting parts of the reservoir, which would serve to moderate the pressure increases during injection. Bissell et al. (16) developed a reservoir flow simulation for In Salah, which attempted to match both CO 2 injection rates/ pressures and observed ground displacement. Modeled pore pressures at the injection points have increased substantially from initial conditions of ∼18 to ∼30 MPa, while reducing to ∼10 MPa along the producing crest of the reservoir. Fig. 6C shows the maximum, mean, and minimum pressures across the field based on the history-matched flow simulation of Bissell et al. (16) , whereas Fig. 6A shows a map of modeled pressures in the reservoir.
Initial indications of geomechanical deformation at In Salah were provided by InSAR measurements of surface uplift (52) , which showed displacements of ∼1 cm/y centered on each of the three injection wells. Subsequent InSAR studies have further constrained the magnitude and extent of this uplift (53), indicating surface uplift of ∼2 cm over 5 y of injection. Fig. 6B shows the measured uplift after 3 y of injection. The bilobate pattern of uplift above well KB-502 is of particular interest. Numerical inversion of the observed uplift for geomechanical processes at depth have revealed that the bilobate pattern is best explained by the presence of a fault or fracture zone extending from the reservoir 100-200 m into the overburden (29, 54) . A similar, albeit smaller, feature was identified at well KB-501 as well. The modeled fracture zone inferred from inversion of the surface uplift at KB-502 matches with a linear feature identified in 3D reflection seismic data (55) . It is important to note that, although the development or reactivation of this fracture zone is interesting from a scientific perspective, and potentially of relevance to future CCS operations, the fracture zone of 100-200 m remains well within the 950-m-thick sealing caprock, so does not at present pose a risk to the integrity of the storage system.
To further characterize the deformation occurring at KB-502, a microseismic monitoring array was installed in 2009. The initial array consisted of six three-component geophones in a vertical borehole above the KB-502 injection point, extending to 500-m depth (56) . Unfortunately, technical problems have meant that only one of the six geophones has provided useable data. With only one geophone, triangulation for accurate event locations is not possible. Nevertheless, the recorded data have provided further constraint on the geomechanical deformation induced by injection in KB-502.
Even a single geophone allows the rate of microseismic activity to be determined. Fig. 7A shows the number of microseismic events manually identified during the first 4 mo of 2010. A total of 700 events were identified, with a maximum of 35 events in 1 d. Using an automated algorithm, Oye et al. (57) were able to detect more than 1,000 events in the whole of 2010. This represents a significantly larger amount of microseismicity compared with the 100 events identified during 6 y of monitoring at Weyburn.
With only a single functioning geophone, it is not possible to accurately locate event hypocenters. Nevertheless, the recorded microseismic data still provides much useful information. In particular, we can examine whether the microseismic data are consistent with the inferences about geomechanical deformation drawn from InSAR and seismic data. Some constraint on event location can be gleaned from the differential arrival times of event P and S waves, which provide an indication of the distance from source to geophone, and the azimuth and inclination of P-wave particle motion, which provide an indication of the direction of the source from the geophone. This information is plotted for the identified events in Fig. 7B .
The first notable feature of Fig. 7B is the clustering of events: we identify two clusters, one with t S -t P of ∼0.65 s and nearvertical incidence angles, and a second with t S -t P of ∼1 s, incidence angles from 18-25°, and azimuths of ∼300°. This apparent clustering of events may represent the reactivation of a specific structural feature, in contrast to the "cloud-like" distribution of events at Weyburn that implies more distributed deformation. This is consistent with the inferences about the reactivation of a discrete fracture zone drawn from InSAR and seismic monitoring at In Salah.
The distance from source to geophone can be determined from differential t S -t P arrival times, although there is a certain degree of velocity-model dependence (as is true of all microseismic event location methods). Knowledge of source-geophone distance can be used to constrain the event location to a hemisphere (or "pudding bowl")-shaped locus centered on the geophone. If the main cluster of events have occurred directly below the geophone, as suggested by the subvertical incidence angles, a differential arrival time of t S -t P = 0.65 s roughly corresponds to the depth of the reservoir. This corroborates the presence of a fracture zone at and 100-200 m above the reservoir as inferred from InSAR and seismic reflection data (Fig. S1) . Determination of the depth of secondary cluster, with higher incidence angles and larger differential arrival times, will be more prone to velocity model effects, due to ray bending through a layered model. As such, we cannot constrain whether they originate above, at, or below the reservoir. Nevertheless, the arrival azimuths of ∼300°for these events is reasonably consistent with the strike of the feature identified by InSAR and seismic monitoring.
Overall, despite technical issues that have severely limited the quality of the microseismic data, preventing the accurate location of event hypocenters, our observations are consistent with inferences drawn from InSAR and seismic monitoring that CO 2 injection at KB-502 has stimulated a fracture zone extending 100-200 m into the overburden. Crucially, microseismic data have the potential to provide an early warning if this style of deformation were to change. For instance, if this zone of deformation were to begin extending further into the overburden, we would expect to see a reduction in t S -t P times as event sources became shallower.
Discussion
The Geomechanical Response to CO2 Injection. Our comparisons between the megatonne storage sites show the significance of geomechanical deformation with respect to CO 2 storage integrity. In particular, they have shown the importance of the pressure increase induced by CO 2 injection in controlling the strength of the geomechanical response. At Sleipner, where the target aquifer is very large, pressure increases during injection are minimal, so very little geomechanical deformation is created. At Weyburn, ongoing enhanced oil recovery serves to mitigate the pressure increase. However, the long history of the field, combined with the pore pressure variations across the field, lead to complex, sometimes nonintuitive patterns of deformation. Nevertheless, the deformation does not appear to compromise storage integrity-in fact, microseismicity is generally associated with lower pore pressures at the production wells.
At In Salah, although injection is nominally into a producing gas reservoir, it is in fact into the water leg of the reservoir, which does not appear to have good pressure communication with the producing parts. Therefore, the natural gas extraction does not compensate for the injection, and pore pressures have increased significantly. This in turn has lead to substantial geomechanical deformation that has uplifted the surface by 2 cm, generated thousands of microseismic events, and appears to have reactivated a fracture network extending from the reservoir 100-200 m into the overburden. At In Salah, the caprock complex is 950 m thick, meaning that fractures propagating a small distance into the overburden do not pose a risk to storage security. However, deformation at In Salah has provided an important learning experience, and similar deformation would perhaps pose a much greater risk to a reservoir with a thinner caprock sequence.
Given the influence of pore pressure on geomechanical deformation, options for pressure management must be considered. Experience shows us that, if we can find large aquifers with good flow properties, like the Utsira Sand, then pore pressure increases will be minimal. However, it is unlikely that all CCS sites will be as effective as Sleipner. Alternatively, mature oilfields may be sought where the postproduction pressures are significantly below initial conditions. However, it is unlikely that such cases will have sufficient volume for large-scale CCS on longer timescales. Furthermore, stress hysteresis means that restoring the original pore pressures may not restore the initial stress conditions (58) . Such geomechanical effects must be accounted for during site selection.
If pore pressure increases become problematic, one solution is to remove the in situ fluid from the reservoir. However, this may simply move the problem down the line, as any extracted water must either be treated or re-stored in an alternative reservoir. Moreover, this may significantly add to the costs of storage.
Additionally, experience at Weyburn shows that, where both injection and production occur simultaneously, the geomechanical response can be more complicated and sometimes nonintuitive. These effects will need to be accounted for on a site-specific basis via numerical geomechanical modeling.
Geomechanical Monitoring Methods. Comparisons of deformation at these 3-Mt storage sites has afforded us an insight into the relative merits of the various methods for monitoring geomechanical deformation. At Sleipner, time-lapse seismics have been used to determine the pressure change in the reservoir (45) , although in this case the null result-that pressure increases were negligible-was found. In producing oilfields, changes in the travel time above the reservoir have been used to infer stress transfer into the overburden (31, 32) . Similarly, azimuthal variations in seismic attributes (59) and/or S-wave splitting (60) have been used to image the creation and reactivation of fracture networks due to reservoir deformation.
The use of time-lapse reflection seismics to image stress changes in the subsurface remains an immature technology. However, it is probable that time-lapse seismics will be deployed at the majority of future CCS sites to image fluid substitution effects. With this in mind, it is sensible to consider how time-lapse seismics can be used to image geomechanical as well as fluid saturation changes during CO 2 injection.
Satellite-based InSAR monitoring can reveal surface displacement with millimeter accuracy, and is a very cheap method to determine whether CO 2 injection has produced surface uplift. The rocky, desert conditions at In Salah provided ideal conditions for InSAR monitoring, producing striking images of surface displacement (52) that could be inverted for deformation at reservoir depths (29) . Where conditions are suited for InSAR, it should be considered simply because it is so cost effective. However, it should first be noted that InSAR cannot be used for offshore reservoirs, which comprise a significant number of putative future storage sites. Similarly, InSAR monitoring can be more challenging in heavily vegetated and/or farmed areas.
Preexisting permanent structures (buildings, pylons, etc.) or purpose-built reflectors can be used in such scenarios. However, it is worth asking how many preexisting or purpose-built reflectors would be necessary to provide a useful image of the surface uplift? Given say 50 or 100 discrete reflection points, rather than the full and continuous ground coverage that was achieved at In Salah, would Fig. 6B be as striking or as useful for inverting for deformation at depth. One can easily imagine, for instance, that the low at the center of the bilobate pattern above well KB-502 could have been missed had no reflection point been present through this zone, without which the true nature of the bilobate pattern of uplift, necessary to identify the presence of a fracture zone, may not have been distinguished.
Microseismic monitoring has been installed at both the Weyburn and In Salah reservoirs. In both, it has been effective at characterizing the geomechanical deformation induced by injection: at Weyburn, the events located around and above the production wells have shown the nonintuitive deformation produced by injection into a mature oilfield with a long and complex history. Only one downhole array was installed, which has proved effective for imaging the events that have occurred in this part of the reservoir. However, the effective range of such monitoring wells is typically 500-1,000 m, meaning that it only covers a very small portion of the total CO 2 injection footprint. Many more arrays would have to be installed to comprehensively cover the whole field, which would considerably increase the cost of monitoring. An alternative to downhole arrays that might be attractive in some cases is to install dense arrays of surface geophones, where beam-forming and migration techniques are then used to locate microseismic events (40) .
At In Salah, the geophones were installed with the principal aim of identifying whether microseismicity was occurring, rather than to accurately locate events. The array has shown the large number of events produced as pore pressures are elevated above initial conditions. Smaller, sparse surface arrays will be significantly cheaper than downhole or dense surface arrays, and can prove useful in characterizing whether seismogenic deformation is occurring, even if event locations are not as accurate. In our opinion, some form of microseismic monitoring should be conducted above any site where appreciable increases in pore pressure are expected during CO 2 injection. Crucially, monitoring arrays should be installed before injection, so that background, baseline rates of seismicity can be determined.
Collectively, our comparisons have shown the importance of characterizing the geomechanical properties of a potential target reservoir before CO 2 injection. This may include the identification of any preexisting faults and fracture networks in the reservoir and overburden, the in situ stress conditions, the characteristics of any background microseismicity, as well as laboratory measurements to determine the mechanical properties of reservoir and overburden rocks. Effective characterization of the reservoir is necessary to produce accurate numerical models that simulate injection-induced seismicity. Site-specific geomechanical characterizations have been performed for a number of sites, including the Gippsland (61) and Otway (62) Basins, a sedimentary basin in Japan (63), Teapot Dome, Wyoming (64) , and The Rose Run Sandstone, Ohio (65), Weyburn (66) , and the Dogger Carbonate, Paris Basin (67) .
If a target reservoir has pore volume and permeability characteristics such that significant pore pressure increases during injection are likely, we recommend that geomechanical deformation be monitored. InSAR monitoring has proven to be an excellent tool to image surface uplift produced by injection. However, the effectiveness of InSAR may be limited to certain environments. Microseismic monitoring has proved to be an effective tool to monitor deformation at Weyburn and In Salah, and in a range of other settings, and we recommend that microseismic monitoring of some description is deployed at any CCS site that is likely to be prone to geomechanical deformation.
